Nanodendritic Pd was fabricated by square-wave potential pulse (SWPP) electrolysis on Pd surface. Dendrite cell sizes and dendrite arm spacings were well below 100 nm and decreased with the increase in the frequency of SWPP. Cyclic voltammetry revealed that true surface area of Pd increased by up to 57 times by the nanodendritic structure. Nanodendritic Au was also fabricated by SWPP and its catalytic decoloration capacity was compared with that of nanoporous Au. Nanodendritic Au decomposed methyl orange more efficiently than nanoporous Au. This may be attributed to high-index facets and edges commonly found in nanodendritic structures synthesized by SWPP electrolysis.
Introduction
Various metallic nanomaterials with typical length scale in the order of nanometers, such as metallic nanoparticles, 1) nanowires 2) and nanorods 3) are being fabricated because of their specific properties due to the quantum and/or surface effects. Among others, nanoparticles of noble metals such as Au and Pt are readily prepared by impregnation techniques, which generally require compounds such as HAuCl 4 and H 2 PtCl 6 as starting materials. 1, 4) On the other hand, noble metals are mostly produced in the elemental form, not chemical compounds, in nature, and thus, in noble metal mines. If noble metals are directly converted to metallic nanomaterials, not through the formation of compounds, energy and cost may be saved.
When the square-wave potential pulse (SWPP) is applied to metal electrodes in an electrolyte, dendritic structure evolves on the electrode surface through repetitions of tiny dissolution and re-deposition of the electrode material.
58)
Under some conditions, nanodendritic structures, that is, dendrite forests with dendrite cell size and dendrite arm spacings in the order of nanometers, can be obtained. Fabrication by SWPP electrolysis needs no chemical compounds of noble metals and can still be attained at room temperature and ambient atmosphere. Thus SWPP electrolysis is one of the promising methods for fabrication of metallic nanomaterials.
SWPP electrolysis has been mainly reported as for Au and Pt; however, less is remarked as for Pd. Hence, the fabrication condition of nanodendritic Pd with high surface area was investigated in this study. Also, catalytic properties of nanodendritic Au synthesized by SWPP electrolysis were evaluated using degradation of an azo dye (decoloration) as a probe reaction.
Experimental

SWPP electrolysis for fabrication of nanodendritic
Pd and Au A typical three-electrode electrochemical cell with Ag«AgCl«sat. KCl reference electrode (+0.196 V vs. standard hydrogen electrode) and Pt counter electrode was used for the preparation of nanodendritic metals by SWPP electrolysis. In this paper, potentials will be documented based on Ag«AgCl«sat. KCl electrode. The Pd (>99.90%) and Au (>99.99%) (Tanaka Kikinzoku, Japan) plate was polished to a mirror-like finish, washed by distilled water and ethanol, and used as working electrodes. Areas of 3 mm © 3 mm of the working electrodes were exposed to the electrolyte (1 mol/L H 2 SO 4 ). SWPP was conducted by applying the alternating potential (Fig. 1) to the working electrode. Upper and lower potentials (E upper and E lower ) were set to +6.0 and ¹5.0 V, respectively, and electrolysis time was 15 min for Pd. As for Au, E upper was +1.1 V, E lower was ¹1.2 V and electrolysis time was 60 min. Frequency ( f ) of square-wave oscillation was set to 50, 100 and 200 Hz for Pd, while set to 50 Hz for Au.
After the electrolysis, the surface area of the sample (working electrode) was evaluated by cyclic voltammetry (CV) in 0.5 mol/L H 2 SO 4 in the same electrochemical cell with scan rate of 100 mV/s. 9) All electrochemical operation was conducted at 298 K. Surface microstructures were observed by a scanning electron microscope (S-4300, Hitachi High-Technology, Japan) with an energy-dispersive X-ray (EDX) spectrometer (XFlash 5010, Bruker AXS, Germany).
Decoloration capacity of nanodendritic Au
Methyl orange, a typical azo used in the textile industry, is stable and is commonly used as the probe for evaluating 10, 11) thus the catalytic activities of the nanodendritic Au for degradation of methyl orange was assessed at 298 K. Nanodendritic Au fabricated by SWPP electrolysis was immersed into 5 mL of methyl orange aqueous solution (2 © 10 ¹5 mol/L). The experiments were conducted under a dark condition to distinguish the methyl orange decrease from photocatalysis. The concentration of methyl orange in the solution as a function of soaking time was measured by monitoring the absorbance of the methyl orange at its absorption maximum wavelength ( max = 466.5 nm) using a UVVis spectrometer (UV-2100 Shimadzu, Japan). For comparison with the decoloration by nanoporous Au, 12) reacted amount of methyl orange was normalized by the surface area of the nanodendritic and nanoporous Au, which was estimated by the CV measurements.
Results and Discussion
Fabrication of nanodendritic Pd
After SWPP electrolysis, the surface of Pd working electrode turned black and lost its mirror-like luster, suggesting the formation of rough structure. Figure 2 (a) shows the SEM image of the surface of Pd working electrode after SWPP electrolysis with f = 100 Hz. Dendritic structure was observed all over the surface exposed to the electrolyte. Dendrite arm thickness and spacing were much smaller than 100 nm. As shown in Fig. 2(b) , EDX spectrum for the surface exhibited only Pd. No possible contaminant elements such as sulfur and oxygen (from H 2 SO 4 electrolyte) were detected. Thus, nanodendritic elemental Pd can be fabricated by SWPP electrolysis. Figure 3 shows the CV curve for nanodendritic Pd samples with f = 200 Hz. For comparison, the curve for flat Pd with smooth surface is also shown. It can be seen that the current magnitude for nanodendritic Pd wire is much higher than that for flat Pd. The enhancement of current magnitude is attributed to the nanodendritic structure induced by the SWPP electrolysis.
Roughness factor (R), that is, the ratio of true surface area to apparent surface area, can be estimated by the CV curves. Electrochemically active surface area (A) can be estimated using the charge associated with the reduction of adsorbed oxygen 9) and converted to R by the following equation:
where Q OC is the charge associated with the reduction of adsorbed oxygen. Subscript "nd" and "flat" mean that the variables are for the nanodendritic and flat Pd, respectively. Q OC can be calculated using the cathodic peak between +0.3 and +0.7 V after correction for double layer charging. Calculated R for the sample with f = 200 Hz is 57; that is, the true surface area of nanodendritic Pd wire is 57 times larger than that of flat Pd on the assumption that the reduction of adsorbed oxygen is not affected by specific shapes of nanodendrites. Figure 4 shows the SEM images of nanodedritic Pd fabricated by SWPP electrolysis with f = 50, 100 and 200 Hz. As f increased, dendrite cell size decreased. Needle-like dendrite arms (with high aspect ratio of length to thickness) were observed in the samples with f = 100 and 200 Hz while granular cells consisted the nanodendritic Pd with f = 50 Hz. Table 1 summarizes the size feature and roughness factor of nanodendritic Pd fabricated by SWPP electrolysis, where the size features were measured for more than 100 dendrite arms and cells by inspecting SEM observations. Higher frequency resulted in the reduction in the dendrite cell size and subsequent increase in effective surface area. Xia et al. reported that high frequency in SWPP electrolysis is required for the growth of nanodendritic Au.
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Thus similarly, higher frequency in SWPP electrolysis is crucial for fabrication of well-grown nanodendritic Pd with fine dendrite cell size. Repetition of tiny dissolution and redeposition of Pd seems responsible for the nanodendrite formation during SWPP electrolysis; higher frequency may offer many nucleation sites for dendrites, resulting in finer size feature. Careful inspection of Table 1 reveals that dendrite arm spacings in the samples with f = 50 and 100 Hz are similar, although roughness factor of the sample with f = 100 Hz was higher than that of the sample with f = 50 Hz. The needle-like dendrite arms, rather than granular dendritic cells, may increase accessible surface. Figure 5 (a) shows the SEM image of nanodendritic Au fabricated by SWPP electrolysis. Needle-like dendritic structures with thickness below 80 nm were obtained. The nanodendrite arms showed clear facets and edges, in good contrast to the smooth surface of nanoporous Au fabricated by dealloying for comparison (Fig. 5(b) ). 12) Figure 6 shows the CV curves for the nanodendritic Au. Adsorption and desorption of oxygen at the Au surface was clearly observed as an anodic peak around +1.0 V and cathodic peak around +0.6 V, respectively. The roughness factor calculated from eq. (1) was 20. Figure 7 shows the time variation of reacted methyl orange (in nmol, normalized by true surface area) of nanodendritic and nanoporous Au. Considering that the vertical axis in Fig. 7 is normalized by true surface area, one can conclude that methyl orange reacted more efficiently at the surface of nanodendritic Au than by nanoporous Au. The decoloration observed here is different from that caused by photocatalysis Table 1 are also schematically shown. in semiconductive oxides such as TiO 2 and ZnO because the immersion was conducted under a dark condition. An additional set of experiments was conducted to confirm the catalytic decomposition of methyl orange. Figure 8 shows the UVVis spectra of the methyl orange solution before and after 240-h immersion of nanodendritic Au. After the immersion, the absorbance at the visible light wavelength range (400700 nm) decreased, which corresponds with the decoloration of the methyl orange solution. However, the absorbance in an ultraviolet region of < 220 nm remained unchanged after the immersion. The absorbance of the azo dye solution in the ultraviolet region is closely related to a short conjugated system of the organic molecule and typical of phenyl rings, while that in the visible light wavelength range is caused by azo group (N=N). 13) Methyl orange contains two phenyl rings bridged by an azo group in its chemical structure; therefore it is surmised that methyl orange decomposed to single phenyl ring compounds in the presence of nanodendritic Au.
Decoloration by nanodendritic Au
The result shown in Fig. 8 demonstrates that nanodenditic Au can catalytically reduce the MO concentration by chemical decomposition of methyl orange and not by the simple adsorption of MO on the surface of the nanoporous Au, such as reported in the case of mesoporous iron oxides. 14) As shown in Fig. 7 , nanodendritic Au decomposed methyl orange more efficiently than nanoporous Au. Several studies have shown that SWPP and other techniques can create high-index facets on the noble-metallic nanostructure. For example, Tian et al. reported the synthesis of tetrahexahedral Pt nanocrystals with high-index facets and subsequent high electro-oxidation activity. 15) Xia et al. also reported the enhancement in electrocatalytic properties of Pt nanoframes due to high-index facets therein. 16) High-index facets are also observed in Pd nanostructure and offers enhanced electrochemical oxidation capacities. 17, 18) The present nanodendritic Au also has clear facets and edges, as shown in Fig. 5(a) . Considering these, one can suppose that the present nanodendritic Au may possess high-index facets, possibly resulting in the enhanced catalytic decomposition of methyl orange, although the decomposition of methyl orange is different from electrochemical oxidation seen in those literatures.
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Summary
Nanodendritic Pd and Au were fabricated by SWPP electrolysis. The nanodendritic surface structures, which have dendrite cell sizes well below 50 nm, increase the actual surface area of Pd by up to 57 times. Catalytic decoloration capacity of nanodendrite Au is better than that of nanoporous Au, possibly because of its high proportion of high-index facets and edges. 
